This investigation examines responses of protoplasts in a systematic and quantitative way to the various electrical treatments used to achieve electrofusion and their individual and cumulative effect on protoplast viability. Mesophyll and cell suspension protoplasts from two species of the same genera, Nicotiana tabacum and N. rustica var brasilia were used in these experiments. Optimal frequencies for alignment of tobacco protoplasts were between 500 kilohertz and 2 megahertz at 100 volts per (22, 24) . For plant cells, typical procedures involve three steps; alignment of protoplasts with an AC field, disruption of contiguous membranes with a brief DC pulse, and fusion of the protoplasts (1, 15, 22, 24) . Much of the emphasis in previous research has been directed toward the modification of the DC pulse to achieve maximum fusion rates while little data has been presented on the effects of both the AC fields and the DC pulses on cell viability. Indeed, only recently have published reports appeared on the successful regeneration of shoots from hybrids of electrically fused protoplasts (2, 4). We report here the effects of AC and DC currents, separately and in combinaton, on the viability and integrity of protoplasts and on the movement of protoplasts.
such as cell rotation in response to AC fields, appear to be associated only with living cells (25, 27) . The characteristic frequency at which a cell rotates has been proposed as indicative of a cell's physiological state, i.e. whether a cell is secreting or nonsecreting (25) . Mischel and Lamprecht (9) used a video recorder to establish that the spinning rate of yeast cells shows a quadratic dependence upon applied voltage; however, rotation was examined only at one frequency (250 Hz) and viability was not considered. In general, there is a lack of systematic studies examining these responses over a wide range of AC frequencies ' Based on the responses of cells to various electric fields a technique has recently been developed for the fusion of cells using short electrical pulses (17, 23) . This technique, with various modifications, has been used to fuse cells from plants, animals, organelles, and artificial membranes (22, 24) . For plant cells, typical procedures involve three steps; alignment of protoplasts with an AC field, disruption of contiguous membranes with a brief DC pulse, and fusion of the protoplasts (1, 15, 22, 24) . Much of the emphasis in previous research has been directed toward the modification of the DC pulse to achieve maximum fusion rates while little data has been presented on the effects of both the AC fields and the DC pulses on cell viability. Indeed, only recently have published reports appeared on the successful regeneration of shoots from hybrids of electrically fused protoplasts (2, 4) . We report here the effects of AC and DC currents, separately and in combinaton, on the viability and integrity of protoplasts and on the movement of protoplasts. Preparation of Protoplasts. Protoplasts from greenhouse grown plants were isolated from mature mesophyll leaf tissue with 1% (w/v) Macerase3 (300 units/g) and 2% (w/v) Cellulysin (10,000 units/g) in 50 mm Mes-NaOH buffer (pH 5.7) with 0.6 M mannitol as described previously (16) . Protoplasts were isolated from tissue culture by an adaptation of the methods of Owens (10) and Lin (6) . One g of suspension cells in 40 ml of 0.15% Cellulysin, 1% rhozyme HP-150, and 0.05% Driselase was incubated for 4 h at 30°C with shaking at 50 rpm. All enzymes were desalted and dissolved in a solution of 0.7 M mannitol, 9.25 mM CaCl2, and 0.44 mm Ca(H2PO4)2 adjusted to pH 5.7. Protoplasts were harvested by centrifugation (100g for 3 min) and resuspended in 4 ml of 16% (w/v) Ficoll in 0.7 M mannitol. Four ml each of 14% (w/v) and 12% (w/v) Ficoll in 0.7 mannitol Plant Physiol. Vol. 80, 1986 solution were sequentially layered on top, followed by 0. For viability and alignment experiments protoplasts were gently pipetted between the electrodes of a chamber consisting of two 2 1-gauge stainless steel hypodermic needles separated by an 800 ,m gap. The sample was exposed to a100 V/cm AC field of a specific frequency for 1 min and then photographed. For samples subjected to both fields, 1 min of AC field was followed by a train of 5 DC square pulses of 10 is, each 1 kV/ cm, given at 3-s intervals. The AC field was applied during the interval between the DC pulses. Two min later treated protoplasts were added to I drop of K8P medium (3) and incubated in a humidifier for 1 h. Cell viability was estimated by adding1 drop of 100 ,g/ml fluorescein diacetate (FDA) in isotonic mannitol.
MATERIALS AND METHODS
Two min later the protoplasts were photographed sequentially under bright field and epifluorescence illumination using a Nikon Diaphot microscope and a B 1 filter. This commonly used technique for quantitation of cell viability (5, 20) relies on an active esterase in a viable cell to cleave the acetate from the fluorescein, which only then becomes fluorescent. Cells with active esterases and intact membranes are viable. Cells which still contain active esterase but lack an intact membrane will not fluoresce under these conditions because fluorescein fails to accumulate to a high enough concentration to be observed. Viability was estimated by comparing photographs of at least 200 protoplasts per replicate taken under epifluorescent and bright field illumination. Protoplasts fluorescing with epifluorescent illumination were considered viable. For each experiment, appropriate controls were run to determine viability of untreated protoplasts.
RESULTS
Cell Movements in Electric Fields. In evaluating the appropriate frequencies and voltages for alignment, a number of anomalous cellular movements were noted. Figure 1 diagramatically represents several of these types of cellular perturbations which were subsequently shown to occur at predictable voltages and frequencies. To further investigate the nature ofthese cellular movements under AC currents protoplasts were isolated from two different species of Nicotiana and subjected to increasing AC voltages across the frequency range of a function generator
(1 Hz-6 MHz). Thus, the minimum voltage required to effect the protoplasts behavior was determined at each frequency. At very low frequencies between I and 10 Hz protoplasts of both N. rustica and N. tabacum underwent 'pulsing' in a field of 30 to 60 V/cm. This pulsing movement appeared to be correlated with the low frequency cycles of the sine wave and resulted in little, if any, net directional movement of the protoplasts within the electrofusion chamber.
At AC frequencies of 50 Hz or greater the protoplasts began to draw toward each other in a manner we call 'attraction' of the protoplasts (Figs. 2 and 3) . During attraction the protoplasts remained within the center of the fusion chamber and did not migrate toward either electrode. As illustrated in Figures 2 and  3 , N. tabacum protoplasts exhibited attraction at slightly lower voltages than did N. rustica in the range of 50 Hz to 100 kHz; however, above 100 kHz no differences were detected between the two species.
Within this same frequency range protoplasts underwent an 'alignment' phase in which the cells would orient themselves in a line or chain perpendicular to the electrodes and often migrate toward the electrodes. This alignment phase has been described as dielectrophoresis by Pohl (13) . The alignment phenomenon occurred at slightly higher voltages than the attraction phenomenon described above (Figs. 2 and 3 Aid be seen to undergo 'Iysis.' This phenomenon occurred over after they were subjected to the AC field, the DC pulse, or the wide range of frequencies and resulted in the irreversible AC field followed by the DC pulse, is shown in Figure 5 . Viability lapse of the protoplasts (Figs. 2 and 3) . of protoplasts from each sample was determined by fluorescein 3ince protoplast alignment occurred throughout a broad range diacetate staining. Although (9, 22, 25, 27) . Pohl and Branden (13, 14) have described the dielectrophoretic behavior and cellular spin resonance of yeast and murine cells in AC fields, and Zimmermann (22) (Figs. 2 and 3 ), frequencies which we have shown have no effect on cell viability either when used alone or in combination with a DC fusion pulse (Fig. 5) . This information may be useful where cell rotation at characteristic frequencies is used to identify cells of a particular physiological state. Rotation occurs at some frequencies that induce alignment. Since rotating cells cannot be fused, it is important to define these frequencies so they may be excluded from consideration in the determination of optimal 
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Tempelaar and Jones (18) found that mesophyll protoplasts of Solanum brevidens align more rapidly than suspension protoplasts of N. rustica. Within the same cultivar of N. tabacum, we did not observe statistically significant differences between mesophyll and suspension-cell protoplasts in their frequency of alignment after 1 min in an AC field. We did not, however, compare rates of migration.
Viable cells are not required for the phenomenon ofalignment. Using fluorescein diacetate we have observed nonviable cells aligning with viable cells. In some cases, the percent of aligned cells was greater than the percent of viable cells in the preparation. This observation corroborates similar observations by others using glutaraldehyde-fixed cells, lipid vesicles, vacuoles, etc. (22, 26, 27) . Conversely, Lopez et aL (7) have measured viability of yeast cells subjected to AC fields and have noted a correlation between the viability of the cells and number of cells aligning.
Zimmermann and Vienken (25) have suggested that AC fields may have stimulating effects on metabolic processes, and that certain AC frequencies may actually increase viability. In our study there was no significant increase in the viability of cells treated with either AC or DC currents compared to untreated controls.
Zimmermann et al. (27) suggested that cells at different growth stages in a suspension culture give rise to a heterogenous protoplast population that may respond inconsistently to electrical stimulation. Conversely, leaf mesophyll protoplasts may be more homogenous and respond to electrical stimulation in a more consistent manner. Our data did not support this hypothesis. We examined protoplasts isolated from plants grown in the greenhouse, from shoots cultured aseptically in vitro, and from cells in suspension culture. No significant differences in electrical response among protoplasts derived from the different tissue sources were observed.
The effects of AC fields on responses of Oxytrichia cells have been reported by Pliquett (12) for frequencies up to 100 kHz. Although he observed microscopically visible loss of cytoplasm at some frequencies and voltages, he concluded that there was no loss of viability, based on observation of subsequent cell division. Zachrisson and Bornman (21) observed destruction of Brassica protoplasts subjected to a field of 40 V/cm at all sine wave frequencies below 500 kHz. Our investigation showed significant decreases in cell viability at very low and very high AC frequencies. Electrolysis of the protoplast suspension and concomitant decrease in viability occurred at frequencies below 10 kHz in a 100 V/cm field. Diminished cell alignment and viability observed at frequencies above 5 MHz may be due to the changes in membrane capacitances at these high frequencies resulting in conductance of the current through the cell, as predicted by Zimmermann (22) . Although Zimmermann and Vienken (25) proposed that the viability of cells is critically dependent upon exposure time to the particular AC field, with more than 30 s of exposure being damaging to hybridoma cells, they have also suggested that prolonged exposure to an AC field can stabilize cells against the DC pulse (26). In our experiments AC exposures of up to 60 s had neither adverse nor promotive effect upon tobacco protoplast viability as indicated by FDA staining.
Recent reports have demonstrated that electrically fused hybrids can be cultured as calli and shoots regenerated from this callus. (2, 4) . Thus, formation of viable plant hybrids by electrofusion appears to be a promising technique, especially for species which are recalcitrant to fusion with chemical techniques. At the present time, however, the variability of results from electrofusion experiments dictates a need for additional quantitative experimentation on cell fusion frequency, viability, and postfusion cell culture for each species under consideration.
